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Autophagy protects against many infections by
inducing the lysosomal-mediated degradation of
invading pathogens. However, previous in vitro
studies suggest that some enteroviruses not only
evade these protective effects but also exploit auto-
phagy to facilitate their replication. We generated
Atg5f/f/Cre+ mice, in which the essential autophagy
gene Atg5 is specifically deleted in pancreatic acinar
cells, and show that coxsackievirus B3 (CVB3)
requires autophagy for optimal infection and patho-
genesis. Compared to Cre littermates, Atg5f/f/Cre+
mice had an 2,000-fold lower CVB3 titer in the
pancreas, and pancreatic pathology was greatly
diminished. Both in vivo and in vitro, Atg5f/f/Cre+
acinar cells had reduced intracellular viral RNA
and proteins. Furthermore, intracellular structural
elements induced upon CVB3 infection, such as
compound membrane vesicles and highly geometric
paracrystalline arrays, which may represent viral
replication platforms, were infrequently observed
in infected Atg5f/f/Cre+ cells. Thus, CVB3-induced
subversion of autophagy not only benefits the virus
but also exacerbates pancreatic pathology.
INTRODUCTION
Positive-strandRNAvirusesoften inducedramatic reorganization
of host cell cytosolic membranes (Bienz et al., 1992; Kirkegaard
andJackson,2005;Kopeketal., 2007). The targetedmembranes,
and themechanisms bywhich they are altered, differ greatly from
virus to virus (Wileman, 2006), but someof these virusesappear to
achieve this outcome, at least in part, by blocking autophagy,
a pathway in which vesicular flow is a central feature. Tissue
culture studies have shown that some picornaviral infections are
accompanied by the accumulation of double-membraned vesi-
cles, termed compound membrane vesicles (CMVs; Jezequel
and Steiner, 1966) that appear to be related to the autophagy
pathway (Jackson et al., 2005; Miller and Krijnse-Locker, 2008;
Schlegel et al., 1996; Suhy et al., 2000; Taylor and Kirkegaard,298 Cell Host & Microbe 11, 298–305, March 15, 2012 ª2012 Elsevie2007); thesemembranesmaybeusedasa two-dimensional scaf-
fold that promotes viral RNA replication and protects newly
synthesized viral RNA (Chen et al., 2003; Welsch and Locker,
2010). Additional in vitro studies using immortalized cell lines
support the contention that several picornaviruses, including
poliovirus, rhinovirus, encephalomyocarditis virus, foot-and-
mouth disease virus, and coxsackieviruses, may actively exploit
autophagy, and that up- or downregulation of cellular autophagy
increases or decreases, respectively, virus yield from the cells
(albeit verymodestly, 2- to 4-fold) (Jacksonet al., 2005;O’Donnell
et al., 2011; Taylor andKirkegaard, 2007;Wong et al., 2008; Yoon
et al., 2008; Zhang et al., 2011). Autophagy also plays an impor-
tant role in protecting the host against infections by many
microbes (reviewed in Deretic and Levine, 2009; Orvedahl and
Levine, 2009), so by blocking autophagy, these positive-stranded
RNA viruses not only may enhance their replication but also may
evade the inhibitory effects of the pathway.
Our laboratory studies the interactions between autophagy
and the picornavirus coxsackievirus B3 (CVB3), an important
humanpathogen (Gebhard et al., 1998).Wehave chosen to focus
on in vivo infection (i.e., in the living animal) for several reasons.
For example, the cells to be studied are in their normal anatomical
relationship to other cells within the tissue, they receive normal
nutrition, and they are exposed to the natural complement of
cytokines and chemokines, both before and after infection. In
a previous study we have shown that CVB3 dramatically alters
pancreatic autophagy in normal mice (Kemball et al., 2010) and
has at least two distinct effects. First, CVB3 increases the abun-
dance of small autophagy-like vesicles, and, based largely on the
prior studies on poliovirus, we speculated that this may provide
CVB3 with a platform for its replication. Second, the virus also
blocks a later stage of the pathway, with the consequent forma-
tion of extremely large (10 mm) vesicles that we have termed
megaphagosomes (Kemball et al., 2010). In the present study,
we aimed to extend our in vivo analyses to examine the converse
question, i.e., how do in vivo alterations in autophagy impact
CVB3 replication andpathogenesis?We tookagenetic approach
to study the effects of autophagy on CVB3 replication and path-
ogenesis, using mice in which transcription of Cre recombinase
was regulated by the elastase-1 promoter, limiting protein
expression to the acinar cells (Grippo et al., 2002); these mice
were crossed with mice in which the Atg5 gene is flanked by
loxP sequences (Hara et al., 2006), selectively deleting, in pancre-
atic acinar cells, an exon from the Atg5 gene.r Inc.
Figure 1. The Pancreata of Atg5f/f/Cre+ Mice Are Depleted of Functional Atg5 Protein, but the Mice Show Little Sign of Constitutive Pancre-
atic Dysfunction
Generation of transgenic mice, and characterization of uninfected animals. (A) Diagram of the three Atg5 genotypes relevant to this study, ‘‘floxed,’’ WT, and
deleted (Atg5f x Cre). Black arrowhead, lox p; black rectangle, exon of Atg5. The locations of the four primers (A–D) are shown; for sequences, see the
Supplemental Experimental Procedures. The results of PCR of the three indicated genotypes are shown. All other panels in the figure show data from only two of
themouse lines: Atg5f/f/Cre+ ± Atg5f/f/Cremice. (B)Western blots of representative pancreata (two permouse line). The right panel shows a graph of the average
OD, normalized against GAPDH signal (mean + SE). The body weights (C) and blood glucose levels (D) of age- and gender-matched mice are shown (green lines
indicatemeans). (E) Enzyme contents of pancreata from threemice of each line; L, liver (negative control). The related graph shows the average OD in eachmouse
line (mean + SE). Histological sections, stained with Masson’s trichrome, are shown in (F), and (G) shows an electron micrograph of pancreas from an Atg5f/f/Cre+
mouse; vacuoles are indicated by red arrows, and a severely abnormal acinar cell is encircled by a dashed red line.
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The Pancreata of Atg5f/f/Cre+ Mice Are Depleted
of Functional Atg5 Protein, but the Mice Show Little
Sign of Constitutive Pancreatic Dysfunction
Mice were obtained that carry an Atg5 allele in which the second
protein-coding exon is flanked by two loxP sequences (Hara
et al., 2006). These Atg5f/f mice were bred with transgenic
mice in which the rat elastase I (EL) promoter/enhancer drivesCell Hoexpression of Cre recombinase specifically in pancreatic acinar
cells (EL-Cre mice; Grippo et al., 2002). Three lines of mice were
generated and used in the experiments described herein:
(1) Atg5f/f/Cre+ mice, (2) Atg5f/f/Cre littermates, used as
controls in all experiments, and (3) Atg5f/wt/Cre+ mice, used in
some experiments to determine if Atg5 gene dosage affects
CVB3 replication and pathogenesis.
We first characterized the mice genotypically and phenotyp-
ically (Figure 1). PCR of pancreatic DNA using four Atg5f-relatedst & Microbe 11, 298–305, March 15, 2012 ª2012 Elsevier Inc. 299
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Information) identified the expected bands in all three of the
mouse lines mentioned above. Next, we evaluated the pres-
ence of functional Atg5 protein in the pancreas, in two ways
(Figure 1B). First, active autophagy flux requires the covalent
attachment of Atg12 to Atg5 (Mizushima et al., 1998); in the
absence of this linkage, autophagy cannot proceed. The
Atg12-Atg5 conjugate was abundant in the pancreata of
Atg5f/f/Cre mice but was absent from their Cre+ littermates.
Second, we measured the content of LC3-I, a protein that is
rapidly consumed during active autophagy, but which accumu-
lates if the pathway is blocked. When normalized against
GAPDH, LC3-I was markedly increased in the pancreata of
Cre+ mice compared to their Cre counterparts. Despite having
autophagy-deficient pancreata, the mice remained healthy: the
average weight of the Cre+ mice was comparable to that of their
Cre littermates (Figure 1C); blood glucose levels were within
normal limits (Figure 1D); and the quantities of three key pancre-
atic digestive enzymes, amylase, lipase, and elastase 1, were
similar in the two strains (Figure 1E). The pancreata of unin-
fected Atg5f/f/Cre mice were histologically normal, as ex-
pected (Figure 1F, left panel). The Atg5f/f/Cre+ pancreas was
largely normal (Figure 1F, right panel); the acinar cells contained
abundant zymogen granules, although small vacuoles occa-
sionally were visible and there was mild edema. These minor
changes were not present in the pancreata of Atg5f/wt/Cre+
mice (data not shown), indicating that a single copy of the
Atg5 gene is sufficient to support normal autophagy. EM
studies confirmed the impression that most acinar cells in the
Atg5f/f/Cre+ mice were morphologically normal, with fully
packed rough endoplasmic reticulum (RER) and abundant
zymogen granules in the apical regions close to central ducts;
only occasional cells showed vacuolization (Figure 1G, red
arrows) or, in rare cases, pathology (acinar cell encircled by
dashed red line). In summary, acinar cells in Atg5f/f/Cre+ mice
are autophagy deficient but retain relatively normal cell
morphology and are sufficiently functional to permit normal
host development.
In the Absence of an Intact Autophagy Pathway,
Pancreatic Titers of Infectious CVB3 Are Dramatically
Reduced Early in Infection, and Pancreatic Pathology
Is Partially Mitigated
In wild-type (WT) mice, maximal CVB3 titer in the pancreas
occurs at 2–3 days postinfection (p.i.) (Mena et al., 2000). To
determine the in vivo effect of Atg5 deletion on CVB3 replica-
tion, all three strains of mice (Atg5f/f/Cre+, Atg5f/f/Cre, and
Atg5f/wt/Cre+) were inoculated intraperitoneally with 104 pfu of
WT CVB3, and virus titers in the pancreata were measured at
days 1, 2, 4, and 7 p.i. The titers of all individual mice, together
with the geometric mean for each group (green bars), are shown
in Figures 2A and 2B. In Atg5f/f/Cremice (blue circles), in which
pancreatic autophagy is normal, CVB3 has already replicated to
high titer (>108 pfu/g of pancreas) in most animals by 1 day p.i.
In contrast, the titers in Atg5f/f/Cre+ mice (red circles) were
substantially lower (p < 0.0001) and more variable; the mean
was >2000-fold lower in these mice compared to the Cre
animals. This suggests that an intact autophagy pathway may
be required for rapid and high-level productive CVB3 infection300 Cell Host & Microbe 11, 298–305, March 15, 2012 ª2012 Elsevieof acinar cells. Consistent with this, a single copy of WT Atg5
(i.e., in the Atg5f/wt/Cre+ mice, black triangles) very substantially
restored virus titers in the day 1 pancreas. To ensure that these
observations were not restricted to WT CVB3, a limited study
was carried out using a recombinant CVB3 encoding the dsRed
protein. As shown in Figure 2C, a similar pattern was observed;
DsRed-CVB3 titers were substantially reduced in the Atg5f/f/
Cre+ pancreata. Together, these data strongly suggest that
active autophagy benefits CVB3, and that a single copy of an
intact Atg5 gene is sufficient to support CVB3 replication. Highly
significant differences between the Atg5f/f/Cre+ mice and the
other two groups were maintained at day 2 p.i., although the
difference in means had been reduced to 200-fold, and
a less dramatic (10-fold) positive effect of Atg5 on CVB3
replication remained detectable at day 4; by 7 days p.i., virus
titers were relatively low (104 pfu /g) in all three groups, and
there was no significant difference between them. Finally, no
significant Atg5 gene dosage effect was observed; at each
time point, there was no statistically significant difference in
virus titers between the Atg5f/wt/Cre+ mice (black triangles,
one intact copy of Atg5) and the Atg5f/f/Cre mice (blue circles,
two intact copies). Next, we measured the pathological effects
of infection using two criteria, the first of which was histological
examination. Uninfected pancreata of Atg5f/f/Cre mice are
histologically normal, and those of Atg5f/f/Cre+ mice show
only minor histological defects (Figure 1). However, following
CVB3 infection, a major divergence in appearance was
observed (Figure 2D). At day 2 p.i., the pancreata of Cre
mice showed extensive acinar cell hypochromicity and death,
and inflammatory cell infiltration. In contrast, the acinar cells in
Cre+ animals showed less florid pathology; some cells con-
tained large vacuoles, but the majority appeared histologically
normal. These differences in appearance are consistent with
the much lower virus titers in the latter group. At 4 days p.i.,
inflammatory cells were abundant in both mouse strains, but
a much greater degree of acinar cell destruction was present
in the Cre mice; only remnants of cells were visible. By
7 days p.i., the pancreas of the Cre mouse showed wide-
spread inflammation, collagen formation, and an almost
complete ablation of acinar cells, as we have previously re-
ported in C57BL/6 mice (Mena et al., 2000). The Cre+ (Atg5-defi-
cient) pancreas also showed some inflammation and scarring at
this time point, and acinar cell pathology was both more
frequent and more severe than at day 4; however, the number
of infiltrating cells was lower than in Cre pancreata, and acinar
cells were readily detectable, and some appeared histologically
normal. Second, another pathological hallmark of pancreatitis is
an increase in serum amylase levels. Prior to infection, the level
of serum amylase was similar in all mice, regardless of Cre
status (6 U/ml, data not shown). At day 2 p.i., serum amylase
averaged 42 U/ml in Cre mice but only 15 U/ml in Atg5f/f/
Cre+ animals (Figure 2E); the difference in amylase level is
consistent with the differences in both virus titer and histological
appearance. Mice with a single copy of Atg5 (Atg5f/wt/Cre+
mice) showed a level of serum amylase that was slightly lower
than that observed in Cre mice, but the difference was not
statistically significant. In summary, the absence of Atg5
appears to protect pancreatic acinar cells from CVB3-induced
pathology.r Inc.
Figure 2. In the Absence of an Intact Autophagy Pathway, Pancreatic Titers of Infectious CVB3 Are Dramatically Reduced Early in Infection,
and Pancreatic Pathology Is Partially Mitigated
The key in (A), showing the three lines of mice, applies also to (B), (C), and (E). (A and B) Mice were infected with wtCVB3 (104 pfu i.p.), and at days 1, 2, 4, and
7 p.i. the pancreata were harvested, and virus titers of pancreatic homogenates were determined by plaque assay. In each group, the total number of mice
used was as follows: Atg5f/f/Cre, 52; Atg5f/f/Cre+, 50; Atg5f/wt/Cre+, 47. (A) Horizontal green bars indicate the geometric means, which are replotted in (B) to
more clearly present the viral replication kinetics in each group. (C) Mice were infected with a recombinant CVB3, DsRed-CVB3 (107 pfu i.p.), and pancreatic
titers were measured at 2 days p.i. (D). At the indicated times p.i., histological sections were prepared from pancreata of Atg5f/f/Cre or Atg5f/f/Cre+ mice and
stained with Masson’s trichrome. (E) Serum amylase levels were measured at 2 days p.i. in the indicated mouse strains. Prior to infection, the average level
was 6 U/mL.
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Identified as Being Acutely Atg5 Dependent in Acinar
Cells and Responsible for the Reduced In Vivo
Replication and Pathogenesis
Tissue culture studies of poliovirus (Jackson et al., 2005), CVB
(Wong et al., 2008; Yoon et al., 2008), human rhinoviruses
(Brabec-Zaruba et al., 2007; Klein and Jackson, 2011), and
enterovirus 71 (Huang et al., 2009) have found only minor
changes in virus titer when autophagy is modulated, and there
is no clear understanding of precisely which stage(s) of the
enterovirus life cycle is affected. The data in Figure 2 reveal
a far greater effect in vivo; in the absence of intact Atg5, pancre-
atic CVB3 titers early in infection are reduced by3 logs. There-
fore, we next asked if in vivo Atg5 deficiency caused a marked
disruption at any one particular step of the CVB3 life cycle in vivo.Cell HoThese studies were carried out both in vivo and in tissue culture.
For the in vivo analyses, mice (four Atg5f/f/Cre and nine Atg5f/f/
Cre+) were inoculated with CVB3 and, at day 2 p.i., the pancreata
were recovered, homogenized, and assayed. For the tissue
culture studies, we evaluated CVB3 infection using isolated
primary pancreatic acinar cells, which were infected with WT
CVB3 at an approximate moi of 100.
Acinar cell cultures are shown in Figure 3A. The percentage of
infected cells was similar, regardless of Atg5 status (Figure 3A,
graph); this argues against a requirement for autophagy in cell
attachment or entry, although these steps in the virus life cycle
have not been directly measured. Quantitative PCR was carried
out and, as shown in Figure 3B, viral RNA replication proceeded
in both cell types; the overall kinetics of genome amplification
were similar, although genomic RNA accumulation was reducedst & Microbe 11, 298–305, March 15, 2012 ª2012 Elsevier Inc. 301
Figure 3. No Single Feature of theCVB3 Life Cycle CanBe Identified as Being Acutely Atg5 Dependent in Acinar Cells andResponsible for the
Reduced In Vivo Replication and Pathogenesis
(A, B, and E) Acinar cells were isolated from the pancreata of uninfected Atg5f/f/Cre and Atg5f/f/Cre+ mouse lines and were infected in vitro with wtCVB3 (moi,
100). (C and D) Atg5f/f/Cre+ and Atg5f/f/Cremice were infected with CVB3 and were sacrificed 2 days later. The pancreata were recovered and homogenized.
(A) F-actin was detected using Alexa Fluor 488-phalloidin (green), and CVB3 VP1 using a specific antibody (red). The graph shows the proportion of each cell type
that was infected (mean + SE). (B) Viral RNA content in isolated acinar cells was followed over a 24 hr period by qPCR. The dashed line shows the lower limit of
detection; uninfected cells scored below this line. (C) Western immunoblot analysis of viral protein content at 2 days p.i. in the pancreata of two representative
mice. The virus titer in eachmouse is shown above each column. (D) Infectious virus titers in pancreata were measured by plaque assay, and genomic CVB3 RNA
content was determined by qPCR. Each symbol represents a single mouse, and a Spearman correlation line for the relationship between virus titer (y axis) and
viral genomic RNA content (x axis) is shown. (E) One-step growth curve in both cell types (Cre and Cre+); cell-associated (cell) and extracellular (sup) infectious
virus titers were measured.
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and Cre pancreata were compared (Figure 3C). Pancreatic
samples from Cre and Cre+ mice were analyzed by western
blot using antibodies specific for four viral proteins, VP1,
3A/3AB, 3Dpol, and 2C (Figure 3C). These proteins were more
abundant in the Cre group at 2 days p.i., and the average differ-
ence in abundance of the assayed CVB3 proteins was 6-fold.
The relative signal of each of the virus proteins in the Cre+ tissue
was very similar to that observed in the tissue from the Cre
mouse, indicating that the co- and posttranslational processing
of the CVB3 polyprotein had proceeded normally in the Cre+
acinar cells. Next, we evaluated viral genomic RNA content in
the pancreata, and, for each individual mouse, we compared
this with the quantity of infectious virus (Figure 3D); we reasoned
that, if there were a defect in RNA encapsidation in Atg5-defi-
cient pancreata, this might be revealed by a change in the ratio
of genome to infectious virus. As was noted previously (Figure 2),
there was more variability in the Cre+ group (red circles) than in302 Cell Host & Microbe 11, 298–305, March 15, 2012 ª2012 Elseviethe Cre group (blue). However, there was no wholesale block
in RNA replication in Cre+ acinar cells in vivo, because viral
genomic RNA was abundant (>1011 copies per gram of tissue)
in most Atg5f/f/Cre+ animals (Figure 3D, x axis). Genomic RNA
content was 1–2 logs higher in the Cre mice, consistent
with the higher virus titers that we had observed in the larger
study group (Figures 2A and 2B). There was a highly significant
correlation between RNA genome content and infectious virus
titer (p < 0.0001), and almost all of the animals (both Cre and
Cre+) showed the same ratio of genome to infectious virus
(160:1), suggesting that the efficiency of encapsidation of
RNA into infectious particles is not markedly affected by the
autophagy status of the cell. Finally, it has been proposed that
autophagy may play a part in the release of enteroviruses from
cells (Jackson et al., 2005), so we evaluated virus egress from in-
fected acinar cells by comparing the quantities of intracellular
(cell) and extracellular (sup) virus during a one-step growth curve
(Figure 3E). As expected, the titers of both cell and sup virus werer Inc.
Figure 4. Electron Microscopy of CVB3-Infected
Atg5f/f/Cre– and Atg5f/f/Cre+ Acinar Cells
(A–C) Pancreata were studied at 2 days p.i. (A and B)
Atg5f/f/Cre mice; (C) Atg5f/f/Cre+ animal. (A) Infected
acinar cell in a Cre pancreas, showing extensive RER
remodeling. The region enclosed in a red dashed square is
magnified in (B) and contains compound membrane
vesicles. (C) Infected cell in a Cre+ pancreas; vacuolization
is present, but extensive RER remodeling, and CMVs, are
absent.
(D–F) Acinar cells were isolated from Atg5f/f/Cremice (D)
or from Atg5f/f/Cre+ animals (E and F). The cells were in-
fected with CVB3 (moi, 100), and 18 hr later the cells
were evaluated by EM. Paracrystalline arrays, adjacent to
ribosomes, and comprising subunits of 8 nm diameter,
were present in Cre cells (D) but were less frequently
observed in Cre+ cells, even though the latter cells were
infected, as indicated by the vacuolization that is visible at
low magnification (E) and by the presence of virions, re-
vealed at high magnification (F, red arrow). Scale bars are
shown for each image, and the number immediately above
each bar indicates its size (microns).
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ratios were almost identical in both cell types, indicating that
Atg5 deficiency does not have any obvious effect on viral egress.
Electron Microscopy of CVB3-Infected Atg5f/f/Cre–
and Atg5f/f/Cre+ Acinar Cells
CVB3 infection causes a number of changes that are detectable
by EM, including (1) swelling and remodeling of the RER, (2) the
development CMVs, and (3) the formation of highly geometric
lattices, which we have previously proposed may be sites of viral
RNA replication (Kemball et al., 2010). Therefore, we used EM
to evaluate the effects of Atg5 deficiency. At day 2 p.i., the
pancreata of Atg5f/f/Cre mice contained infected acinar cells
in which the RER was swollen and extensively remodeled, with
frequent multilamellar swirls (Figure 4A). These cells also
contained abundant CMVs (an example is shown Figure 4B;
the double-membraned nature of these small autophagy-like
vesicles is clearly visible). In contrast, neither extensive multila-
mellar RER swirling nor CMVs were frequent in the pancreata
of Atg5f/f/Cre+ mice at 2 days p.i. (representative cell is shown
in Figure 4C). Furthermore, lattices were frequently observed in
infected Atg5f/f/Cre isolated acinar cells (Figure 4D). These par-
acrystalline structures very often are adjacent to RER/ribosomes
and comprise an array of subunits, each with an approximate
diameter of 8 nm, which we have speculated may be the viral
RNA 3D (polymerase) protein (Kemball et al., 2010). These
lattices were frequently observed in infected Atg5f/f/Cre acinar
cells, but not in Atg5f/f/Cre+ cells, even though the latter cells
were infected, as shown by extensive vacuolization (Figure 4E)
and by the presence of virions (Figure 4F, red arrow).
DISCUSSION
Herein, we have investigated the effects of autophagy on CVB
replication in vivo, and on viral pathogenesis. To this end, we
generated mice in which pancreatic acinar cells—a key target
of CVB3 in vivo—were deficient in autophagy. Prior to CVB3
infection, acinar cell function and health in these mice appearedCell Hoalmost indistinguishable from those in normal (Cre) animals
(Figure 1). However, several dramatic differences were observed
after CVB3 infection in vivo. The disruption of autophagy in
pancreatic acinar cells led to a profound reduction in their
capacity to support productive CVB3 infection in vivo (Figure 2).
A single intact copy of Atg5 (in Atg5f/wt/Cre+ mice) mitigated
this effect, permitting near-normal levels of virus replication.
The effect of Atg5 deficiency was most pronounced early
postinfection, and gradually reduced over the course of infec-
tion, as virus titers in autophagy-competent mice fell. Published
tissue culture studies have not clearly identified any one stage
of the enteroviral life cycle that is strongly dependent on
autophagy. Herein, working in vivo and with primary acinar
cells, we have found that the Atg5 status appears not to affect
the cells’ susceptibility to infection (Figure 3A), but the subse-
quent synthesis of genomic RNA appears to be reduced in
Atg5-deficient cells (Figure 3B). There is a concomitant
decrease in viral protein content, although viral polyprotein pro-
cessing appears to be largely normal (Figure 3C). A comparison
of genome copy number and infectious virus titer in the pan-
creata of individual animals revealed a very tight correlation
between the two, and the ratio (160:1) was similar in both lines
of mice (Figure 3D), suggesting that, in autophagy-deficient
acinar cells in vivo, the proportion of viral genomes that is ulti-
mately encapsidated is similar to that observed in autophagy-
competent cells. Others have proposed that autophagy may
play a role in the escape of virions from the infected cell (Jack-
son et al., 2005), but we see little indication of such an effect
(Figure 3E). During EM analyses of infected pancreata (Figure 4)
there was a marked reduction in the frequency with which
CMV clusters were observed in Atg5f/f/Cre+ acinar cells, consis-
tent with the notion that a lack of intracellular membranes may
contribute to the reduction in CVB3 replication. In addition, the
analyses of isolated acinar cells showed that paracrystalline
lattices—putative sites of RNA synthesis (Kemball et al., 2010;
Lyle et al., 2002; Tellez et al., 2011)—were much more readily
identified in acinar cells from Atg5f/f/Cre mice. This is consis-
tent with the lower yield of infectious virus (Figure 2), and thest & Microbe 11, 298–305, March 15, 2012 ª2012 Elsevier Inc. 303
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from the data presented herein, we cannot exclude the possi-
bility that another mechanism, in addition to autophagy, may
contribute to the observed effects of Atg5 deficiency on
CVB3 replication and pathogenesis in vivo; for example, it has
been reported that Atg5 also may be involved in triggering
apoptosis (Yousefi et al., 2006). Thus, it is important that
more detailed studies be carried out to identify the precise
molecular mechanism(s) that underlies the in vivo effects re-
ported herein.
Others have carried out tissue culture studies with enterovi-
ruses, using a variety of immortalized cell lines, and have
reported that autophagy status can alter enterovirus yield. In
almost all cases, the reported changes were quite modest (often
2- to 4-fold). Our in vitro studies with isolated primary pancre-
atic acinar cells (Figures 3B and 3E) are consonant with the
published work, and strongly suggest that the viral requirement
for autophagy is far from absolute. Notably, however, we show
here that the extent of the Atg5KO effect is substantially greater
in vivo (1000-fold at 1 day p.i., Figure 2) than in vitro (10-fold,
Figures 3B and 3E). What might explain the profoundly greater
impact of autophagy on CVB3 when evaluated in vivo? First,
our in vitro data come from a one-step growth curve, while in vivo
titers often are the result of multiple rounds of virus infection
and multiplication; this would amplify any difference in yield, at
least until the virus titers had peaked. For example, in the latter
situation, a 10-fold difference in yield, when applied to N rounds
of cellular infection, would result in a 10N-fold difference in total
viral titer. Second, viruses have been honed by evolution to
multiply in vivo, and it is not unreasonable to suggest that in vivo
studies allow the viruses to best exploit their hard-won evolu-
tionary advantages. For example, target cells in vivo will be in
their normal anatomical location, interacting with neighboring
cells and receiving normal nutrition, etc.; removing them to the
tissue culture dish interrupts these interactions, with unpredict-
able effects on cellular gene expression.
In conclusion, our data suggest that, in autophagy-deficient
pancreata, CVB3 RNA replication and translation are reduced,
but subsequent steps in the virus life cycle, including polyprotein
processing and encapsidation/release, are qualitatively and
quantitatively close to normal. The molecular reason(s) for the
reduction remains undetermined, but we speculate that it may
be related to the diminished availability of double-membraned
scaffolds upon which the virus can replicate. Nevertheless,
despite the inactivation of autophagy, CVB3 still replicates to
a significant extent in the Atg5f/f/Cre+ pancreata/acinar cells,
so it will be interesting to identify the other cellular pathways
and organelles that may be exploited by CVB3, and other
enteroviruses, in the absence of intact autophagy. For
example, a recent study has suggested that, even in the
absence of Atg5, there may be some residual autophagy
executed by a nonconventional, alternative, pathway (Nishida
et al., 2009). Finally, we show here that the genetic disruption
of acinar cell autophagy conferred upon the pancreas some
degree of protection from CVB3-induced disease. Conse-
quently, we speculate that the temporary pharmacological inhi-
bition of acinar cell autophagy may represent one possible ther-
apeutic approach to mitigate the harmful effects of CVB3 in this
tissue.304 Cell Host & Microbe 11, 298–305, March 15, 2012 ª2012 ElsevieEXPERIMENTAL PROCEDURES
More detailed procedures can be found in the Supplemental Information.
Generation of Pancreatic Acinar Atg5-Deficient Mice
Homozygous mice bearing ‘‘floxed’’ Atg5 alleles, in which the second protein-
coding exon was flanked by loxP sequences (Atg5f/f mice), were crossed with
a transgenic line in which Cre recombinase is expressed in pancreatic acinar
cells, under the control of the elastase-1 promoter. All animal experiments
were carried out in accordance with National Institutes of Health (NIH)
guidelines, and had received prior approval from the Institutional Animal
Care and Use Committee.
Viruses and Plaque Assays
TheWTCVB3 used in these studies is a plaque-purified isolate (designatedH3)
of the myocarditic Woodruff variant of CVB3. Plaque assays were performed
on subconfluent HeLa cell monolayers, and the virus titers (pfu/g or pfu/ml)
were calculated for each sample.
Quantitative PCR
Pancreatic tissue was collected and weighed, and RNA was isolated using an
RNeasy Mini Kit (QIAGEN) following the manufacturer’s instructions. RNA
(0.25 mg) from the samples was reverse transcribed using SuperScript III
Reverse Transcriptase (Invitrogen) according to the manufacturer’s protocol,
followed by TaqMan quantitative real-time PCR.
Serum Amylase Assay
Serum was collected, and the level of amylase was determined using the
EnzChek Ultra Amylase Assay Kit (Invitrogen) according to the manufacturer’s
instructions.
Isolation of Dispersed Pancreatic Acini
Dispersed pancreatic acini were prepared using a modified collagenase
digestion protocol previously published by the Gukovsky laboratory at UCLA.
Measuring Susceptibility to Infection
Isolated acini were incubated with CVB3 (moi, 100) for 1 hr and, 21 hr later,
were stained for the presence of the viral VP1 protein (rabbit polyclonal VP1,
Dr. Karin Klingel, University Hospital Tu¨bingen), and F-actin was stained using
Alexa Fluor 488 phalloidin (Invitrogen). Confocal images were captured using
a Zeiss LSM 710 Laser Confocal Scanning Microscope.
Analysis of Protein Expression by Western Blot
Western blots were carried out as previously described (Kemball et al., 2010).
The primary antibodies that were used are described in the Supplemental
Information.
Statistical Analyses
Virus titers in the various strains of mice were compared using nonparametric
tests (Mann-Whitney and/or ANOVA [Kruskal-Wallis with Dunn’s post-test
for multiple comparisons]; GraphPad Prism v6.0). In the figures, p values are
indicated by asterisks as follows: ****p < 0.0001; ***0.0001 < p < 0.001;
**0.001 < p < 0.01; *0.01 < p < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and Supplemental References and can be found with this article at doi:10.
1016/j.chom.2012.01.014.
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